Nanoscale thermal transport is becoming ever more technologically important with the development of next-generation nanoelectronics, nanomediated thermal therapies, and high efficiency thermoelectric devices. However, direct experimental measurements of nondiffusive heat flow in nanoscale systems are challenging, and first-principle models of real geometries are not yet computationally feasible. In recent work, we used ultrafast pulses of short-wavelength light to uncover a previously-unobserved regime of nanoscale thermal transport that occurs when the width and separation of heat sources are comparable to the mean free paths of the dominant heat-carrying phonons in the substrate. We now systematically compare thermal transport from gratings of metallic nanolines with different periodicities, on both silicon and fused-silica substrates, to map the entire nanoscale thermal transport landscape -from closely spaced through increasingly isolated to fully isolated heat-transfer regimes. By monitoring the surface profile dynamics with subangstrom sensitivity, we directly measure thermal transport from the nanolines into the substrate. This allows us to quantify for the first time how the nanoline separation significantly impacts thermal transport into the substrate, making it possible to reach efficiencies that are within a factor of 2 of the diffusive (i.e., thin-film) limit. We also show that partially isolated nanolines perform significantly worse, because cooling occurs in a regime that is intermediate between close-packed and fully isolated heat sources. This work thus confirms the surprising prediction that closely spaced nanoscale heat sources can cool more quickly than when far apart. These results show that our predictive model is validated by experiment over a broad parameter space, which is important for benchmarking theories that go beyond the Fourier model of heat diffusion, and for informed design of nanoengineered systems.
I. INTRODUCTION
Advancing technology through nanoengineering often requires an understanding of how nanoscale thermal transport differs from its bulk counterpart. In modern electronics, characteristic dimensions are already below 10 nm -thus, thermal load management is already facing challenges imposed by nanoscale thermal transport. In medicine, nanoparticle-mediated thermal therapies are being developed to treat cancer and tumors with localized heating of those cells [1, 2] . Additionally, nanostructuring is a promising avenue to engineer advanced materials for efficient thermoelectric devices, either through enhanced scattering [3, 4] or through coherent effects [5] [6] [7] . For these and many other applications, informed design must * travis.frazer@colorado.edu take into account that nanoscale thermal transport can be significantly slower than bulk model predictions.
Fourier's law of heat conduction, which accurately describes thermal transport in bulk materials, relies on the fundamental assumption that the distances being considered are much larger than the average mean free path (MFP) of heat carriers in the system, therefore establishing a smooth thermal gradient that drives transport in a material. As a result, when the relevant length scale of thermal transport is on the order of the MFP of the heat carriers, Fourier's law is no longer accurate because it dramatically overpredicts the heat transfer rate [8] . In this regime, some of the heat carriers travel ballistically from the heat source and deposit their energy nonlocally, producing nondiffusive (quasiballistic) thermal transport. Since the dominant heat carriers for dielectric and semiconducting materials are phonons, which can have MFPs from nanometers up to several microns in materials such as silicon at room temperature [9] [10] [11] [12] , quasiballistic effects are observable in nanostructured systems, even at dimensions up to microns [13] .
Observations of quasiballistic thermal transport have been made in several experimental geometries, including one-dimensional (1D) transport using transient grating experiments, ballistic transport through a thin slab of material whose thickness is shorter than the heat carrier's MFP, and also by measuring the transport away from nanoscale heat sources [10, [13] [14] [15] [16] . In this last category, the earliest experiments used effectively isolated heat sources to study thermal transport as a function of heat-source size. As the size of the heat source is decreased, a monotonic deviation from the Fourier prediction is observed due to the onset of quasiballistic transport. More recently, the study of nanoscale heat sources that are not isolated has revealed that not only the size of, but also the spacing between, heat sources impacts the nature of thermal transport [12, [17] [18] [19] . In past work, we made the first observation of a collectively diffusive regime, where the thermal transport away from nanoscale hot spots can return toward the diffusive prediction when their spacing is reduced below the dominant heat-carrying phonon MFPs of the substrate [12] . This previously unobserved phenomenon has promising technological applications. We also developed a predictive, period-and linewidth-dependent theory for the effective resistivity, which predicted that the period, or line spacing, mattered. However, in our initial work, we did not independently vary both the heat-source size and spacing, or explore the transition between isolated and close-packed regimes, motivating the need for more systematic studies to benchmark advanced models and theories.
Here, we present a systematic study that independently controls the nanoscale heat-source size and spacing with laser-heated nanolines fabricated on silicon and fusedsilica substrates. This allows us to definitively validate our surprising prediction that nanoscale heat sources whose separation is comparable to the phonon MFPs of the substrate should cool faster than identical heat sources that are spaced much farther apart [12] . Using an effective Fourier model, we quantify the enhancement of nanoscale thermal transport by engineering the heat-source spacing: for example, for a constant 20 nm-width nanoline, the isolated heat-source model [15] predicts an effective thermal boundary resistivity, r eff , of 52 nK m 2 /W, nanolines spaced by 400 nm have a measured r eff of 9.2 nK m 2 /W, nanolines spaced by 80 nm have a measured r eff of 3.7 nK m 2 /W, while the diffusive prediction for a uniform film is 2.45 nK m 2 /W. Thus, the closely-packed nanolines exhibit thermal transport very close to diffusive, and varying their spacing makes it possible to significantly tune their transport properties. We also explore the transition from collective, close-packed transport to isolated, quasiballistic transport, which represents a broad parameter space that is important for optimized thermal design and for the development of full, first-principles models. Finally, we perform the same series of measurements on nanolines fabricated on a fused-silica-glass substrate, which exhibits no changes in transport as a function of either heat-source size or period. This behavior is expected: the phonon MFPs in fused silica are small compared to our experimental geometries, and thus heat transfer from these nanolines should be well described using a diffusive model. This measurement serves as a control to confirm that plasmonic or other effects in the nanolines do not influence our measurements. We also briefly discuss how these results compare to past results using different measurement techniques, as well as describing potential theories for the underlying transport mechanisms.
II. EXPERIMENTAL METHODS
A schematic of our experimental setup is shown in Fig. 1 . We measure nanoscale thermal transport in silicon and fused silica using extreme ultraviolet (EUV) nanometrology, as described in Ref. [12] . For this study, the silicon and fused-silica substrates are patterned with periodic gratings of nickel nanolines via e-beam lithography. Using an ultrafast femtosecond laser pulse, we impulsively excite these nanostructures, which essentially serve as transducers for the thermal dynamics we measure. The excited thermal and acoustic dynamics deform the nanostructures and substrates, whose composite surface is then measured very sensitively using coherent-EUV FIG. 1. EUV thermal and acoustic nanometrology. Gratings of nickel nanolines of linewidth L and period P are fabricated on silicon and fused-silica substrates. An ultrafast IR laser pulse heats the nanolines and they impulsively thermally expand (shown in lower right). An ultrafast EUV pulse then probes the sample as a function of time delay by measuring diffracted light using a CCD camera. The diffraction efficiency for a thermally excited sample (red in inset) changes compared to an unperturbed sample (black dotted line in inset). This change in diffraction efficiency captures the thermal and elastic dynamics that are deforming the sample surface. Note the change in the diffraction pattern shown is magnified 150× for illustration purposes.
beams generated by the high harmonic generation (HHG) process. See the Supplemental Material for a diagram of our laser system [20] .
To explore the various nanoscale thermal-transport regimes, we choose grating linewidths and spacings that span from much smaller, to comparable, to greater than the average MFP, which is approximately 300 nm in silicon [12, 21] . Therefore, we compare constant 25% duty-cycle gratings to constant period (varying duty cycle) gratings with linewidths ranging from 20 to 1000 nm. For the smallest linewidths (20-100 nm), the constant period is chosen to be 400 nm so that collective effects would still be present, but the reducing linewidth would probe the transition from the collectively diffusive regime to the isolated quasiballistic heat-source regime. Similarly, for linewidths from 100 to 300 nm, the constant period is 1500 nm, where collective effects should be much weaker. A complete list of gratings L and P characterized by AFM and SEM is given in the Supplemental Material [20] . By comparing results on these series of gratings, we directly measure the effect of heat-source spacing on nanoscale thermal transport. The constant period set of gratings produces increasingly isolated heat sources as the linewidth is decreased, whereas the constant duty cycle set of gratings brings the heat sources closer together as the linewidth is decreased. Each grating covers an area of 150 µm 2 and each nanoline is 11-nm tall on average [20, 22] .
We excite the nanolines using an ultrafast infrared laser pulse with a central wavelength of 780 nm, with a 25-fs pulse duration, and at a 4-kHz repetition rate [20] . The nickel gratings preferentially absorb the laser light, with no significant heat deposition in the substrate underneath: fused silica is transparent to this wavelength, while silicon has a >8 µm penetration depth. The nanolines are thinner than the optical penetration depth of Ni, ensuring uniform heating. After impulsive heating, the nanolines thermally expand within approximately 20 ps, launching acoustic waves that are visible in our raw data, as shown in Fig. 2. (In past work, these acoustic waves were used to characterize the elastic properties of ultrathin films [23, 24] .) After expanding, the Ni nanolines relax back to their unperturbed surface profile, as heat is transferred into the substrate on few nanoseconds time scales.
We use coherent EUV beams to directly measure changes in the nanosystem surface profile. We generate the EUV beams at a central wavelength of 29 nm through HHG [25] . This is an extreme nonlinear quantum process that up-converts IR light into the EUV region by focusing the laser pulse into an argon-filled waveguide. Since we use the same Ti:sapphire laser for both the excitation pulse and to generate the probe EUV pulse, the timing stability between our excitation and probe pulses is in the subfemtosecond range. In addition, EUV wavelengths are far from any electronic resonances in the nanosystem, so that the EUV reflectivity is largely insensitive to the electron temperature [26] . Thus, our technique predominantly probes lattice expansion and surface deformation, even for very short times after excitation (few picoseconds). The measured signal closely follows the lattice temperature of an average nanoline; this differs from the temperature difference measured by transient grating techniques, as shown in the Supplemental Material [20, 27] . The diffracted EUV beam probes the dynamically changing sample surface, and is collected on a CCD camera, as shown in Fig. 1 . The diffraction efficiency, that is, the relative power in the direct beam and diffracted orders, is a function of the height difference between the tops of the nanolines and the substrate. Thus, by monitoring the change in diffraction efficiency as a function of excitation-probe-delay time, we measure the thermal and elastic dynamics in both the nanolines and substrate with picometer-scale sensitivity (see Fig. 2 for an example) [26] . The delay between excitation and probe pulses is varied on timescales of up to 8 ns using a mechanical delay stage in the excitation laser's optical path. All measurements are performed at room temperature under high vacuum. We analyze the change in EUV diffraction efficiency signal by fitting with an effective Fourier model, implemented in the finite elements analysis (FEA) software, COMSOL [28, 29] . FEA calculations use literature values for the nickel, silicon, and fused-silica properties, as listed in the Supplemental Material [12, 15, 20, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . The thermal boundary resistivity at the nickel-substrate interface is taken as the effective fitting parameter. We simulate the thermal expansion and cooling of the nanolines for a variety of effective resistivities, and then calculate the diffraction of a Gaussian EUV beam from the dynamically changing surface using Fresnel propagation. The resulting calculated change in diffraction efficiency signal is then fit to the experimental signal to determine which effective resistivity best fits our experimental data. This effective resistivity contains both the intrinsic thermal boundary resistivity between the nanolines and the substrate, as well as an effective correction that is larger for greater deviations from diffusive thermal transport near the nanolines. The intrinsic thermal boundary resistivity should be constant across all gratings, independent of size and spacing, as all gratings on a given substrate are fabricated simultaneously. Therefore, trends in the best fit effective resistivity as a function of experimental geometry are due to the measured thermal transport's deviation from the diffusive prediction.
III. RESULTS AND DISCUSSION
First, we compare a series of gratings with constant period with another series of gratings with 25% duty cycle, both on a silicon substrate. For the 25% duty-cycle gratings, as the linewidth is decreased from 1000 to 20 nm, the effective resistivity first increases due to the quasiballistic deviation from diffusive transport, then decreases due to collective effects, as shown in Fig. 3(a) (blue points) . At the smallest sizes, the effective resistivity approaches the diffusive, uniform heat-source limit, where there is only the intrinsic thermal-boundary resistivity, which has no effective correction due to nanoscale effects [black dashed line, Fig. 3(a) ]. The reduction in effective resistivity occurs when the period becomes on the order of the dominant heat-carrying phonon MFPs in silicon at room temperature (approximately 300 nm). These findings are in good agreement with our previous work, as illustrated in Fig.  3(a) , where we plot the collectively diffusive model developed by Hoogeboom-Pot, et al. (blue solid line) [12] . This collectively diffusive model relates each grating geometry to all the phonon modes' contributions to the thermal transport, according to the suppression function formalism [21, 40] . The different MFP phonon modes' contributions to the total thermal conductivity are suppressed depending on the linewidth and reintroduced depending on the period of the grating. The suppression function is defined as
where is the MFP of a given phonon mode. Applying this suppression function to the bulk differential thermal-conductivity spectrum of the substrate, k( i ), we obtain an effective nanoscale conductivity for each grating geometry,
where the sum is over each MFP mode, i . The model for the collectively diffusive effective resistivity is then defined by
where r tbr is the intrinsic thermal-boundary resistivity, K bulk is the bulk thermal conductivity of silicon, and d can be interpreted as the depth into the substrate where transport is affected by the nanoscale geometry.
As the grating period is increased for a fixed nanoline width, we would expect that thermal transport will become less efficient if the models developed in Ref. [12] are valid. Figure 3(a) plots the effective resistivity (red data points) as the period is increased from the collectively diffusive regime (blue data points). These values are seen to increase significantly when the period is increased, confirming model predictions. Considering now the trend in the red data points alone, the grating linewidth is reduced from 100 to 20 nm at a constant 400-nm period. Thus, the heat sources become increasingly isolated and the increasing effective resistivity maps the transition from collectively diffusive toward isolated quasiballistic transport. To successfully fit the 400-nm-period data, we use the collectively diffusive model described by Eqs. (1)- (3), applied to all the new data. As shown by the red dashed line in Fig. 3(a) , this predictive model provides good fits, even in the intermediate regime, where heat sources are neither isolated nor closely spaced. Figure 3 (a) also plots the isolated quasiballistic heat-source prediction for 1D gratings, as presented in Refs. [12, 15] , where no collective effects take place (black dotted line). This curve gives an upper limit to the transition region. This isolated, quasiballistic transport is described by the effective resistivity
where gray is the gray MFP approximation for the substrate (single, average MFP). [12, 21] ), as the linewidth is reduced below 50 nm, the effective resistivity of the constant 25% duty cycle gratings (blue points) decreases, which is a return toward the diffusive prediction (thin-film case, black dashed line). In contrast, the constant 400-nm-period gratings' resistivities increase as the linewidth is reduced (red points), mapping the transition from dominant collective effects toward isolated quasiballistic thermal transport (isolated prediction, black dotted line). The blue solid line is the 25% duty cycle collectively diffusive prediction from [12] , whereas the red dashed line is a fit with the same model to the new data. (b) For fused silica, the resistivities of constant duty cycle (blue points) and 400-nm-period (red points) gratings all agree within error bars. This indicates that there is no nondiffusive transport that depends on experimental geometry for this short-phonon MFP material (approximately 2 nm [15] ), and that there are no dominant systematic errors coming from the grating geometry independent of the sample substrate material. The dotted line is the average of all grating resistivities on fused silica (6.7 nK m 2 /W). Error bars in (a) and (b) are calculated by the standard deviation of best fit values from multiple measurements.
These measurements on silicon represent the direct observation that the more closely spaced heat sources cool more quickly for sufficiently small periods at early times. At larger periods and linewidths, we do not observe this effect within our uncertainty, as shown in the Supplemental Material [20] . Our observed trends for different periods over the full range from 20-to 300-nm-linewidth gratings with the full effective Fourier analysis have not been previously reported and reveal that bringing heat sources closer together can bring the thermal transport within a factor of 2 of the diffusive prediction, even for heat-source sizes far below the dominant heat-carrying phonon MFPs. We further conclude that this effect is only dominant when grating periods are below the substrate MFPs, which is further supported by our control study on fused silica. We note that our best fit effective resistivities in the present work are close to the resistivity calculated from the corresponding thermal-boundary conductance measured by time-domain thermoreflectance (TDTR): 5.1 ± 0.3 nK m 2 /W, converted from [41] . Some difference is expected due to differences in sample fabrication and the effective correction we add to the intrinsic thermal-boundary resistivity to capture nondiffusive effects in the substrate. Next, we perform the same series of measurements on nanolines fabricated on a fused-silica-glass substrate, where the phonon MFPs (approximately 2 nm) are small compared to our experimental geometries, and therefore, no deviation from diffusive transport would be expected. The phonon MFPs of fused silica can be estimated as only a few nanometers at room temperature [15] , and nonpropagating modes (diffusions) that contribute to the thermal conductivity should not be affected by our geometries [16, 42] . Thus, these data serve as a control to confirm that plasmonic or other effects in the nanolines do not influence our Si measurements. Indeed, as shown in Fig. 3(b) , the effective resistivity that best fits our data is constant, within error bars, for all linewidths and periodicities. It should be noted that the error bars for the fused-silica data, calculated from the standard deviation of multiple measurements, are larger than in the silicon case due to two factors. First, experimental noise is larger, and second, our fitting has decreased sensitivity for low-conductivity samples where the thermal transport into the substrate is dominated by substrate conductivity rather than thermal-boundary resistivity. The thermalboundary resistivities we fit for fused silica are consistent within error bars with previous measurements using this technique, with only a small offset we attribute to differences in the glass substrates and sample fabrication conditions [15] . Some care must be taken when comparing the results of the current study to TDTR measurements reported in the past on similar systems [17] [18] [19] . We note that this comparison can be beneficial for an improved understanding of the physics that is present in all three cases. Zeng et al. use periodic nanoline transducers at a variety of duty cycles. Their analysis shows that higher duty-cycle gratings have higher effective conductivities, which agrees with our direct observations. Hu et al. show results for two-dimensional (nanocube) gratings of constant period but decreasing linewidth, and observe a similar monotonic deviation from the bulk Fourier prediction we observe for that case. All three TDTR measurements differ from our results, however, in that they never observe a return toward the diffusive prediction at constant duty cycle, when the heat source period is comparable to the dominant substrate phonon MFPs. The reason for this difference might come from the different experimental temporal frequencies, as suggested by recent work by Hua and Minnich [43] .
In their work, Hua and Minnich cast the Boltzmann transport equation (BTE) for phonons into the spatialfrequency domain and apply it to nanoscale-grating transducer geometries. They find that, due to the interplay of cross-plane and in-plane quasiballistic effects, thermal transport can indeed deviate from, and then return to, the diffusive prediction at constant duty cycle, but this will happen at smaller grating sizes for higher temporal frequencies of heating. For our EUV nanometrology measurements, we use a laser amplifier system to generate high harmonics at a few kilohertz repetition rate. In contrast, the TDTR measurements use laser oscillators with a repetition rate approximately equal to 80 MHz, modulated in the megahertz range as well. This difference might explain the difference between the EUV nanometrology and the TDTR measurements. Other theoretical approaches are in development that are also very promising for explaining our observed return toward the diffusive prediction, including hydrodynamic and superdiffusive views of the BTE that show lower temperatures near nanoscale heat sources than the temperature predicted by effective Fourier models [44] [45] [46] . In addition, potential coherent effects can modify the thermal transport in nanostructured systems, even at room temperature, via local resonances [6, 7] .
IV. CONCLUSION
We use ultrafast, coherent EUV beams to measure the thermal transport away from periodic gratings of laserheated nickel nanolines with varying linewidth and spacing on both single-crystal silicon and amorphous fusedsilica substrates. We observe quasiballistic transport that deviates from the diffusive prediction for nanolines on silicon and model this behavior with a higher effective thermal-boundary resistivity between the nanolines and the substrate. We observe that quasiballistically suppressed thermal transport returns toward the diffusive prediction when the nanoline spacing is comparable to the dominant phonon MFPs in the substrate. This period dependence confirms our previous prediction that closely spaced heat sources can initially cool faster than widely spaced ones and is now quantified to be a significant effect in silicon, bringing the thermal transport within a factor of 2 of the diffusive, uniform heat-source limit. Measurements on a fused-silica substrate displayed no quasiballistic behavior down to heat-source sizes of 20 nm. Our observations are in general agreement with other experimental and theoretical works. More work is needed to describe the fundamental physics behind these collective effects; the collectively diffusive model is a good first step that successfully describes real experimental geometries, but we are pursuing first-principles models to determine the fundamental mechanisms underlying these behaviors.
